Bacterial biofilm has been shown to play a role in delaying wound healing of chronic wounds, a major medical problem that results in significant health care burden. A reproducible animal model could be very valuable for studying the mechanism and management of chronic wounds. Our previous work showed that Pseudomonas aeruginosa (PAO1) biofilm challenge on wounds in diabetic (db/db) mice significantly delayed wound healing. In this wound time course study, we further characterize the bacterial burden, delayed wound healing, and certain aspects of the host inflammatory response in the PAO1 biofilm-challenged db/db mouse model. PAO1 biofilms were transferred onto 2-day-old wounds created on the dorsal surface of db/db mice. Control wounds without biofilm challenge healed by 4 weeks, consistent with previous studies; none of the biofilm-challenged wounds healed by 4 weeks. Of the biofilm-challenged wounds, 64% healed by 6 weeks, and all of the biofilmchallenged wounds healed by 8 weeks. During the wound-healing process, P. aeruginosa was gradually cleared from the wounds while the presence of Staphylococcus aureus (part of the normal mouse skin flora) increased. Scabs from all unhealed wounds contained 10 7 P. aeruginosa, which was 100-fold higher than the counts isolated from wound beds (i.e., 99% of the P. aeruginosa was in the scab). Histology and genetic analysis showed proliferative epidermis, deficient vascularization, and increased inflammatory cytokines. Hypoxia inducible factor expression increased threefold in 4-week wounds. In summary, our study shows that biofilm-challenged wounds typically heal in approximately 6 weeks, at least 2 weeks longer than nonbiofilm-challenged normal wounds. These data suggest that this delayed wound healing model enables the in vivo study of bacterial biofilm responses to host defenses and the effects of biofilms on host wound healing pathways. It may also be used to test antibiofilm strategies for treating chronic wounds.
Chronic wounds, such as diabetic foot ulcers, are a major medical problem that results in debilitating disease, extensive health-care expenditure, and lost productivity. Chronic wounds are generally defined as wounds that take longer than 6 weeks to heal. [1] [2] [3] Chronic wounds differ from acute wounds as the healing phase is prolonged with bacterial contamination, persistent inflammation, and unbalanced cellular defense mechanism. 4 Multiple species of bacteria, including Staphylococcus aureus, followed by coagulase-negative staphylococci, Pseudomonas aeruginosa, Enterococcus spp., and Streptococcus pyogenes [5] [6] [7] have been isolated from chronic wounds, even though the wound may not show any clinical signs of localized infection. Multiple bacterial species, usually two to five species, reside concurrently on a single ulcer. [7] [8] [9] The chronicity of unhealed wounds is associated with higher proportion of colonization by anaerobic bacteria and greater variety of aerobic species. 5 More recent studies using molecular techniques have shown that microbial communities in chronic wounds are more diverse than indicated by culturebased techniques. 10, 11 Research over the past 20 years has revealed that bacteria in many environments exist as complex surface-attached communities termed biofilms. 12 Biofilms are organized structures made of surface associated bacteria and their extracellular polysaccharides. Biofilm microbes secrete specific toxins, create a hypoxemic microenvironment, and are resistant to antibiotics and the host immune system, all of which may contribute to delayed wound healing. 12, 13 Sixty percent of chronic wound specimens contain microbial biofilm compared with only 6% of acute wounds.
14 Current topical and systemic antibiotics are minimally effective in the treatment of these microbial communities. In addition, the host's inflammatory response is ineffective in combating biofilms. 15 In order to systematically study pathologenic mechanisms and test new therapies for chronic wounds, a reliable animal model would be a valuable tool. Researchers several methods to delay wound healing, such as the ischemic rabbit ear model, 16, 17 radiation-impaired rats, 18 and diabetic mice. 19, 20 One method to model diabetic foot ulcer is to induce infection in diabetic mouse wounds. Uninfected wounds in diabetic (db/db) mice steadily progress to complete reepithelialization, 20 although they are significantly delayed compared with normal littermates. On the other hand, bacterial inoculation causes acute infection, enlarged wound size, and significant weight loss. 21, 22 It is a challenge when using bacteria to delay wound healing to find the critical balance between delayed wound healing and severe infectious side effects.
We recently developed a biofilm-challenged wound model in the db/db mouse by inoculating the wound with P. aeruginosa biofilm (PAO1) and found that wounds remained unhealed for 28 days as compared with control, nonbiofilmchallenged wounds. 23 This biofilm challenged wound is characterized of thick epidermis and dermis, nonvascular wound matrix, and delayed reepithelialization; the scab over the wound bed is composed of a high density of P. aeruginosa biofilms and neutrophils ( Figure 1) . This model provides a reproducible mouse wound with localized cutaneous infection while avoiding systemic infection. In this study, we further characterize the model to examine the wound-healing process, bacteria turnover, and host immune response in a time course study from 4 to 8 weeks postwounding. The result shows that this animal model can be used for both delayed wound healing studies and in vivo studies of microbial biofilm.
METHODS

Animals and wounding
Forty-two genetically diabetic female mice (db/db; BKS. Cg-Dock7 m +/+ Lepr db /J) 10-12 weeks of age were purchased from Jackson Laboratory (Bar Harbor, ME) for the study described later. The mice were housed individually in the University of Washington Department of Comparative Medicine vivarium with ad libitum rodent chow and water. These studies were conducted with University of Washington Internal Animal Care and Use Committee approval in compliance with the National Institutes of Health guide for the Care and Use of Laboratory Animals, 1996. The mice were anesthetized with an intraperitoneal injection of a mixture of ketamine (0.106 mg/g weight) and xylazine (0.0075 mg/g weight) (Phoenix Pharmaceuticals, Inc., St. Joseph, MO) in saline. The dorsal skin was shaved, treated with depilatory cream to remove hair, and then cleaned with povidone-iodine solution followed by an alcohol wipe. One circular, fullthickness wound was created on the dorsal skin of each mouse using a 6-mm biopsy punch. The mice were placed on a warming pad (37°C) until they fully recovered from surgery and were then recaged.
P. aeruginosa biofilm
Biofilms were prepared by modifying the method developed at the Center for Biofilm Engineering at Montana State University. 24 Six-millimeter diameter polycarbonate membrane filters (0.2 mm pore size, General Electric, Minnetonka, MN) were cut using a 6-mm biopsy punch (Acuderm, Inc., Ft. Lauderdale, FL) and sterilized with exposure to ultraviolet-C (UVC) light for 5 minutes on both sides. P. aeruginosa from frozen stock was grown overnight in lysogeny broth (LB) medium at 37°C on a shaker. The PAO1 culture was diluted 1 : 1,000 in sterile phosphate buffer solution (PBS). Two microliters of the diluted solution was placed on each of the 6-mm filters, which were placed on LB agar plates incubated at 37°C for 72 hours. Filters with PAO1 were transferred to fresh LB agar plates at 24 and 48 hours. On average, PAO1 organisms grew to levels of 10 8 colony-forming units (CFUs) per membrane after 24 hours of incubation.
Biofilm application and animal care
Application of biofilm on mice was performed 48 hours after the initial wounding procedure. The bacteria-inoculated filters were removed from the agar plate after 72 hours of incubation. A single filter was placed on each wound so the surface with bacterial biofilm was in direct contact with the wound. The filter was then removed from the wound, leaving behind the PAO1 biofilm. Thirty-four mice were inoculated with biofilm and eight control mice did not receive biofilm. Mastisol® (Ferndale Laboratories, Inc., Ferndale, MI) liquid adhesive was applied to the skin surrounding the wound and allowed to dry for 2 minutes. The wounds were then covered with a 2-cm diameter transparent and semi-occlusive dressing (Tegaderm®, 3M, St. Paul, MN). All the dressings were removed at day 14. the mice were observed twice a week for the first 28 days, then at 42 or 56 days postwounding. To evaluate overall health of the mice, weight was monitored throughout the experiment. Mice losing more than 30% weight were euthanized.
Wound harvesting/blood glucose
At harvest days 28, 42, or 56 after wounding, the mice were euthanized with a 0.25 mL intraperitoneal injection of pentobarbital sodium (390 mg/mL) and phenytoin sodium (50 mg/mL) (Schering-Plough Animal Health, Union, NJ). A One Touch® Blood Glucose Meter (LifeScan Inc., Milpitas, CA) was used to measure blood glucose levels. The upper limit of blood glucometer was 600 mg/dL. Blood samples (around 0.3 mL) drawn from two mice in each group were spread on LB agar plate for blood culture.
For histological analysis, wounds including a 0.5-cm margin of surrounding skin were removed and were bisected. Half of each wound was placed in sterile PBS for bacterial CFU counting, and the other half was embedded in OCT (Sakura Finetek Inc., Torrance, CA) for cryosectioning and immunohistochemistry (IHC). Additional samples were collected for molecular analysis at 4, 6, and 8 weeks postwounding. Tissue samples included wound bed, adjacent skin to wounds, and normal skin at least 2 cm away from the wounds. All the samples for molecular analysis were removed by 6-mm biopsy punch and immediately stored at 1 mL RNALater (Ambion, Austin, TX).
Macrophotography and image analysis
Macrophotographs of the mouse wounds and a metric ruler were photographed using a Nikon D1 digital camera equipped with a Micro Nikkor macro lens and dual electronic flash (Nikon, Tokyo, Japan). Polarizing filters were fitted over both the lens and flash. Cross-polarization of these filters was necessary to remove spectral reflections from the Tegaderm® and the wound surface. Wound size was measured by image calibration using the metric ruler and subsequent calculation of wound area using image analysis (Photoshop with IP tools plugin, Reindeer Graphics, Asheville, NC).
Colony-forming unit (CFU) counting
Scabs and excised wounds were placed into separate tubes with 1 mL PBS. Tissue samples were then homogenized at 26,000 rpm for 30 seconds (Polytran® PT 3100 Benchtop Large-Scale Homogenizer, Capitol Scientific Inc., Austin, TX). The resulting solutions were serially diluted and plated on LB agar and incubated overnight at 37°C. CFUs were determined by standard colony counting method.
Histology
Wound samples from eight db/db control mice and 34 db/db biofilm-challenged mice were evaluated for histologic study. Six micron OCT frozen sections were stained with hematoxylin and eosin (H&E) or Gram staining. H&E-stained tissue was evaluated for reepithelialization, granulation tissue, and inflammatory response. Gram-stained sections were used to evaluate the presence of bacteria. To determine the percentage of wound closure, the distance between two epithelial tongues in the center of the wound was divided by the distance between original wound edges. The original wound edge was determined as the point where there was a clear margin in which subcutaneous fat tissue, mature collagen, or mature hair follicles were absent.
Immunohistochemistry (IHC)
Six-micron sections of OCT-embedded implant specimens were immunolabeled using routine immunoperoxidase methods as previously described. 25 Primary antibodies used were as follows: pooled Pankeratin (Panker) (rabbit, 1 : 1,000, DAKO, Carpenteria, CA) and keratin 14 (K14) (rabbit, 1 : 1,000, Covance, Princeton, NJ), platelet/ endothelial cell adhesion molecule-1 (PECAM-1 or CD-31) (rat, 1 : 400, Research Diagnostics, Concord, MA), P3C8--laminin 332 (rat, 1 : 10, gift from Dr. William Carter), and Ki67 (rabbit, 1 : 1,000, Abcam Inc., Cambridge, MA). Secondary antibodies used were biotinylated goat anti-rat (1 : 1,600, Jackson ImmunoResearch, West Grove, PA) or biotinylated goat anti-rabbit (1 : 300, Vector Laboratories, Burlingame, CA). Following secondary antibody labeling, sections were incubated with strept-avidin-biotin complex (Vectastain Elite ABC kit [peroxidase], Vector Laboratories), with 0.12% 3,3'-diaminobenzidine used as chromogen. Glycergel (Dako) was used as mounting medium. Tissue sections were viewed using a Nikon Microphot-SA microscope. Images were captured using a Photometrics Sensys digital camera controlled by IP Lab software (Scanalytics, Fairfax, VA) or a Spot Flex digital color camera (Diagnostic Instruments, Sterling Heights, MI) for brightfield and differential interference contrast images of H&E-and IHC-stained tissues. Photoshop® (Adobe Systems Inc., San Jose, CA) was used for image color adjustment, image analysis, and figure preparation.
Polymerase chain reaction
Samples were stored in RNALater at 4°C overnight and then stored at -20°C before processing. Ribonucleic acid (RNA) was extracted using an Aurum Total RNA Fatty and Fibrous Tissue Kit (Bio-Rad, Hercules, CA). RNA quality was evaluated using a 2100 Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA). RNA was reverse-transcribed into complementary DNA (cDNA) using the iScript™ cDNA synthesis kit (Bio-Rad). Real-time PCR was performed using SsoFast™ EvaGreen Supermix (Bio-Rad) on an Eppendorf Mastercycler® ep realplex Thermal Cyclers (Eppendorf, Hamburg, Germany). The following primers were purchased from Qiagen: GAPDH QT01658692, transforming growth factor b (TGFb1 QT00145250), interleukin 6 (IL-6 QT00098875), vascular endothelial growth factor a (VEGFa QT00160769), hypoxia inducible factor 1a (HIF-1a QT01039542), tumor necrosis factor (TNF QT00104006), matrix metalloproteinase 10 (MMP10 QT0011552), IL-1b (QT01048355), and heat shock protein 90a (HSP90a QT00246967).
Data analysis
Mouse weight, wound closure, and histology data were pooled from two mouse experiments. First experiment included six control and 12 challenged mice; second experiment included two control and 22 challenged mice. Bacterial counting and genetic data were collected from second experiment. Data were analyzed using Excel 2007 (Microsoft Inc., Redmond, WA). Values were expressed as means Ϯ standard error. Significance level was set at a = 0.05. Differences in wound sizes, glucose levels, and gene expression levels between groups were determined using general linear model analysis of variance and one-sided student t-tests.
RESULTS
Mouse weight
At day 0, the db/db mice ranged in weight from 37.8 to 48.2 g. Average weight of the control group was 44.3 g and of the mice with PAO1 biofilm-challenged wounds (referred later as the PAO1 group) was 42.8 g. The average weight of the PAO1 group was statistically significantly lower than the control group at 1 week (weight difference 2.1 g, p = 0.048) and 2 weeks (2.4 g difference, p = 0.041) postwounding (Figure 2A) . However, the percentage weight loss showed no statistical difference. By week 4, the control group lost 7.7% body weight and the PAO1 group lost 9.2%. By week 8, the PAO1 group lost 12.3% body weight ( Figure 2B) . None of the animals had to be euthanized because of weight loss (our threshold for euthanasia was a 30% loss). Blood glucose levels, another factor that may impact wound healing, were also comparable between control and PAO1 groups. The average baseline glucose level was >568 mg/dL. At week 4, the glucose level in the control group was >600 mg/dL. The glucose levels were >596, >591, and >564 mg/dL in the PAO1 group at week 4, 6, and 8, respectively.
Gross observations of wounds
The experimental wounds created by the 6-mm biopsy punch were consistent in size and shape without significant bleeding. Representative photographs of the morphological changes in wounds over time are shown in Figure 3 . Thick scabs (crusts of dried blood and exudate over wound during healing) formed on unhealed wounds between 3 to 6 weeks postwounding. The scabs were then lost and wounds proceeded to close. New hair grew around the PAO1 wounds.
Wound closure
Seven of the eight control wounds (88%) healed with full reepithelialization by week 4 ( Figure 4A ). In contrast, none of the 13 wounds infected with P. aeruginosa (0%) healed at week 4. Instead, healing was significantly delayed; seven of the 11 wounds (64%) healed by week 6, and all 10 wounds (100%) healed by week 8. The newly formed epidermis and dermis in the control group were significantly thicker than the adjacent normal skin, with higher cellular density (Figure 4) . The center of the open wound was filled with a mixture of nonvascular debris and infiltrated polymorphonuclear leukocytes (neutrophils). The clusters of neutrophils formed microabcesses. The average wound diameter as a measurement of closure in all groups is summarized in Table 1 .
Bacterial colony counts
The number of viable bacteria in scabs and wounds were quantified by plating wound and scab homogenates, and enumerating colonies after 2 days of growth. Population of different bacterial species were differentiated by colony color, shape and size, then confirmed by biochemical methods ( Figure 5 ). Control wounds had an average of 6 ¥ 10 3 CFU S. aureus. In the PAO1 group, at 4 weeks postwounding, both scabs and wounds contained only P. aeruginosa, with the majority of bacteria (99%) located in the scabs. At week 6, the healed PAO1 wounds had similar amounts of S. aureus as in the control group. The unhealed wounds at 6 weeks were covered by scabs. A mixture of S. aureus and P. aeruginosa colonies were identified from these wound beds. In contrast, the scabs contained an average of 3.5 ¥ 10 6 CFU P. aeruginosa. At 8 weeks postwounding, all the wounds were healed with moderate presence of S. aureus. Blood cultures from both the control and the biofilm-challenged mice were all negative. Number of healed or nonhealed wounds and average percentage of histological healing are summarized.
IHC
Immunohistologic staining revealed cellular changes in the wounds. Keratinocytes in the migrating epithelial tongue were identified by immunolabeling with a pooled panker/K14 antibody. The new wound epidermis was much thicker than normal skin ( Figure 6A ). The basement membrane, which separates the epidermis from dermis, was immunolocalized with an antilaminin 332 antibody and showed a typical linear structure ( Figure 6B and C). In several PAO1 wounds, the epidermis separated from the dermis at the dermal epidermal junction along the epidermal tongue. The gap between the epidermis and dermis was filled with numerous cells (Figure 6D , insert), which may represent local abscesses. PECAM immunoreactive endothelial cells were seen in granulation tissue under the reepithelialized area ( Figure 6E ) but not in the wound matrix, a mixture of fibrin clot, platelet, collagen, and inflammatory cells ( Figure 6F ). In the healed wounds, PECAM immunoreactive cells were observed throughout the dermis. In the peripheral unwounded skin, Ki67 immunoreactive proliferating basal keratinocytes can be seen ( Figure 6G ), which was comparable with unwound normal skin ( Figure 6H ). In the reepithelialized area, more Ki67 positive cells were seen in basal and differentiated keratinocytes ( Figure 6I ).
Gene expression
We also analyzed gene expression in the skin of normal db/db mice, in 4-week control wounds, in 4-week PAO1-infected wounds, and in periwound tissue at 4, 6, and 8 weeks in the PAO1 groups. IL-1b, IL-6, and MMP-10 increased more than 10-fold in the 4-week unhealed PAO1 wound compared with normal skin (p < 0.05) (Figure 7) . HIF-a level was threefold higher in the 4-week PAO1 wounds compared with normal skin but had no statistical difference. TNFa, VEGF, TGFb1, and HSP90a expression levels were not different among all the groups (Figure 8 ).
DISCUSSION
This study showed that P. aeruginosa biofilm infection reproducibly delayed wound healing in diabetic mice by an average of 2 weeks. Typically, nonbacterially challenged wounds healed before 4 weeks, while biofilm-challenged wounds remained unhealed. Unhealed wounds showed similar histological features to chronic wounds in human, including hyperproliferative epithelium 26 and dermis, limited vascular growth in the center of wounds, and infiltration of inflammatory cells.
Because the rate of healing of nonbacterially challenged mice was consistent with numerous previous studies conducted in our laboratory, we were able to use fewer animals for a control group. Occasionally, some of the nonchallenged control wounds did not heal within 4 weeks. Culture results showed that these wounds had higher numbers of S. aureus, suggesting bacterial colonization is associated with delayed wound healing. More careful handling of the animals in biosafety level (BSL)2-level facility can lower this contamination. The biofilm-challenged wounds healed within a range of 6 to 8 weeks. The variability in healing time of the PAO1 group was thought to be due to differences in bacterial response to host defenses, overall health, and nutrition of the host and individual differences in host response to biofilm challenge. Similar to the situation in patients, wounds on young, healthy patients heal at a predicted rate, while the rate of chronic wound healing varies widely, from months to years. This is due to the variance of many other factors affecting wound healing in patients, such as aging, original wound size, nutrition, venous status, and other comorbidities. Although this animal model for chronic wounds does not completely eliminate variables, using a genetically identical diabetic mouse strain provides a more controlled in vivo model for study.
We confirmed our previous observation that 99% of the P. aeruginosa aggregated in scabs, suggesting physical removal of scabs may benefit chronic wound healing. One of Our previous study showed that bacteria clustered in the matrix, forming organized biofilms. In this study, we found that during wound healing, the amount of P. aeruginosa decreased over time, while the amount of S. aureus increased in the wound bed as a function of healing time. When wounds were healed, regardless of whether they were challenged with P. aeruginosa, the dominant colonization was by S. aureus, which has been shown in a prior study to be the most abundant organism on normal mouse skin. 27 This observation suggests that clearance of P. aeruginosa is a critical component of wound healing. P. aeruginosa is a major biofilm-forming pathogen that is associated with many diseases and one of the most commonly isolated and abundant organisms in chronic wounds. 13, 28 P. aeruginosainfected wounds are more severe and slower healing than those that do not contain P. aeruginosa. 8, 29, 30 The effects of pseudomonas biofilm may not require direct invasion in the host epithelium. Similarly, in this study, P. aeruginosa biofilms delayed wound healing even though the majority of the bacteria were not located in the wound bed. The mice also did not show signs of systemic infection and blood cultures were negative.
In our model, biofilms in the scabs were separated from wound beds by a gap filled with wound fluid. We hypothesize that biofilm may impede wound healing from a distance through depletion of oxygen or releasing diffusible biochemical factors. It has been previously shown that bacteria living in biofilms can influence epithelial migration while separated from the keratinocytes by a Millipore filter. 31 This suggests that humeral soluble factors produced by the biofilm may adversely influence normal epithelial function. In cystic fibrosis patients, the bacterial density can reach very high levels in the sputum, overlying the epithelium without invasive dissemination into lung epithelium. Some researchers have proposed that the presence of P. aeruginosa in biofilms, and the lack of the concomitant elimination by host innate immune system, contribute to unhealed wounds. 32 This model will be useful for the further study of host response to P. aeruginosa as well as the in vivo adaptation of P. aeruginosa to host defenses. It is also noteworthy that this model may be used for other bacteria such as S. aureus or even polymicrobial biofilms.
We used a culture-based method to quantify the bacterial shift on the wounds. Although many studies have shown that conventional culture does not identify whole microbiota, 27 S. aureus and P. aeruginosa are still the two major bacteria identified in clinical chronic wounds by molecular methods. 33 We previously showed that staphylococci were the predominant species on wild-type mice housed under specific pathogen-free condition. 27 A recent study examined the longitudinal shift of colonizing microbiota on db/db skin in response to skin injury. 34 By sequencing 16S rRNA genes, S. aureus was found to be the main species and composed approximately 50% of the total microbiota. Molecular methods to identify all of the bacteria present in the wounds will be important for future studies.
Normal wound healing is usually divided into three phases: inflammation, epithelialization and granulation tissue formation, and matrix formation and remodeling. Chronic wounds are characterized by a prolonged inflammatory response with unbalanced cellular and molecular components. 4 In this study, we evaluated selective cytokines and growth factors involved in the delayed wound healing.
Proinflammatory cytokines, including IL-1 and IL-6, are up-regulated in both acute and chronic wounds. They are produced by neutrophils, macrophages, and monocytes and induce proliferation or migration of keratinocytes. The up-regulation of these cytokines in PAO1 wounds confirms that the inflammatory phase in the db/db wounds is prolonged, impacting healing. TNFa is also an important cytokine that increases during wound healing. The effect of TNFa on wound healing depends on its level in tissue and synergy with other factors. We observed a trend of increased TNFa in PAO1 challenged wounds, but the difference was not statistically significant. TNFa and IL-1 have been shown to have paracrine expression and increase expression of interstitial collagenases, gelatinases, and MMPs. High levels of MMP degrade extracellular matrix, inhibit cell migration and collagen deposition, and break down other growth factors, all of which contribute to delayed wound healing. Therefore, our data support the hypothesis that delayed healing caused by infection is associated with prolonged inflammation.
Oxygen is another essential component of wound healing. Lower oxygen pressure (<30 mmHg) at the wound site is associated with delayed wound healing. 35 In diabetic patients, microvascular disease is a common complication and a significant factor in the pathogenesis of chronic foot ulcers. The presence of biofilm may aggravate underlying tissue hypoxia. Measurement of in vitro biofilm shows significant decrease of oxygen 20-30 mm from the biofilm surface (unpublished observation). HIF-1a is a transcription factor that responds to the hypoxic environment by regulating the cell cycle through targeting both coding and noncoding genes. 36 A recent study found that up-regulated HIF-1a expression is associated with inhibition of keratinocyte proliferation in mice. 37 We did not find statistically significant change in HIF-1 a probably due to small sample size. Future studies with larger sample size will be helpful to evaluate the presence of tissue hypoxia in these wounds.
TGFb and VEGF regulate epithelialization, connective tissue formation, and angiogenesis. Their levels vary in wounds. Usually, they are increased in acute wounds and decreased in chronic wounds. 4 Researchers have tried to promote wound healing by introducing these growth factors to chronic wounds. However, the results of clinical trials have showed modest benefits at best. No growth factor, except PDGF, has been approved by the FDA for chronic wound treatment. In our animal wound model, there was no difference of TGFb and VEGF among normal skin, healed wounds, and open wounds, suggesting that the 4-week open wounds in this model were in an intermediate status between acute and chronic wounds.
In conclusion, this model showed that P. aeruginosa biofilm-challenged wounds in diabetic mice reliably healed 2-4 weeks later than control nonchallenged wounds. These delayed wounds showed 99% of the biofilm bacteria living in the scabs covering the wounds. Histological and gene expression profile were similar to chronic wounds in humans. The results suggest that bacterial infection delayed wound healing, and this process may be mediated by prolonged inflammatory response. This model can be used to identify changes in host healing pathways in response to bacteria as well as adaptive mechanisms of bacterial biofilm to host defenses and can also be used to evaluate clinical antibiofilm strategies for treating chronic wounds.
